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INTRODUCTION
The premise that mechanical forces interact in a specific way with
calcified tissue is enduring and provides the rationale for a substantial
component of current therapy. The interplay between force and tissue has
been extensively studied since the initial elaboration of the theory of
Wolff in 1892. 98 A majority of the research effort since that time has
been concerned with a morphologic description of the response of calci-
fied tissue to external as well as functionally generated mechanical
forces. In spite of this effort the mechanism of this interaction
remains largely obscure. The reason for the present difficulty stems
from the fact that the reaction is a cellular phenomenon and as such is
most appropriately studied on a cellular level. An examination of the
interaction at a tissue or organ level yields data that is often diffi-
cult to interpret at the cellular level. It was in this context that the
present study was conceived. The aim was to reduce the interaction to
its essential components, a mechanical force and a calcified tissue cell.
The reaction of the cell could then be observed on a biochemical level
both qualitatively and quantitatively.
Our results demonstrate that when mechanical forces are applied to
osteoblast-like cells in culture, the interaction can be evaluated in
biochemical terms. The intermittent compressive forces used are cap-
able of stimulating the trophic response in these cells as measured by
increased activity of the enzyme ornithine decarboxylase. The mechanism
of stimulus transduction was also investigated and appears to involve a
redlstrlbuton of monovalent cations across the cell membrane as well as
related Na+, K+ ATP ase activity.
LITERATURE REVIE
In recent years a limited number of studies have attempted to
describe, in biochemical terms, the interaction between mechanical
forces and calcified tissue at the cellular level. Changes in the level
of cyclic AMP (CAMP)were investigated in the mechanically stressed
alveolar bone of cats. 18 CAMP concentrations were initially
observed to decrease in the treated bone but after I-2 days were found
to be elevated with respect to controls. The authors postulate that the
mechanical forces which are known to cause cell proliferation and cyto-
differentiation in alveolar bone cells are mediated by fluctuations in
the cyclic nucleotides. The cells of chick epiphyseal cartil.age also
demonstrated changes in their cyclic nucleotide levels when subjected to
compressive forces. 80 The changes .n CANP were found to be cell
specific with cells showing differing responses to the pressure stimulus
based on their degree of maturation. Further work with this system has
shown that the CA.IP decrease observed was mediated by an increased Ca++
influx and that cell specificity for the response was based on the fact
that the membrane adenylate cyclase of the more mature cells was less
susceptible to inhibition by Ca++. 5 When membrane perturbations were
produced by intermittent compressive forces (IC) the cartilage cells showed
an increase in CAIP and decreases in DNA synthesis and ornithine decarboxy-
lase activity (ODC) (thought to be a measure of the growth response.)97
The role of cations in the transduction of the mechanical stimulation was
again demonstrated when the K+ ionophore vallnomycln was shown to abolish
the IC effect.
In another study, utilizing an in vitro technique, periosteal cells
were subjected to mechanical stretching forces. There was an immediate
increase in de novo prostaglandin synthesis followed by a brief rise
then fall in CAMP levels. 29 A transient increase in intracellular
Ca++ was observed concurrently in the stressed cells. The authors
suggest that conformational changes occuring in the cell membrane as a
result of the mechanical stimulation are responsible for the increased
prostaglandin synthesis and that the prostaglandins influence the
enzymes responsible for the synthesis and degradation of CAP. In a
separate experiment using the same system 3H-thymidine incorporation
into DNA was increased by 50% in periosteal cells which were mechan-
ically stressed. 4
Using another i__n_n vitro system the coronal sutures of newborn
rabbits were subjected to mechanical stretching and the cellular
response, described. The authors reported a two-fold increase in the
incorporation of 3H-leucine and 3H-proline into suture protein in the
stressed sutures. Total DNA in the stressed sutures did not differ from
any control values after four days indicating that under these con-
ditions the cell response was primarily biosynthetic rather than
proliferative.61,62
Membrane perturbations have also been generated by oscillating
electric fields. When electrical stimulation is applied to isolated
cartilage cells there is a decrease in CAMP concentration with an
increase in 3H-thymidine incorporation into DNA. 81 When the mechanism-
of the effect was investigated, it was demonstrated that verapamil and
tetrodotoxin which block Ca++ and Na+ channels respectively corn-
pletely blocked the effects of the electric field. It is also note-
worthy that of the several cell types subjected to the stimuli, only
cells from cartilage and bone responded by an ihcrease in 3H-thymidine
incorporation.
Hydrostatic pressures of varying magnitudes have been applied to
other cell systems and membrane and cytoskeletal changes recorded.
Pressures much higher than those used in this study were shown to pro-
duce a number of biological effects. Pressure generally tends to dis-
rupt the microtubular elements of the cell and prevents the formation
of new microtubules. 67 Pressure has also been shown to selectively
effect .the permeability of isolated frog skin to Na+ and K+ ions 7 and
very high pressures have been shown to inhibit active Na+ transport. 72
It was postulated that modifications in ion permeability were due to
alterations in enzyme activity. Presssure has also been observed to
reverse the effects of various anesthetics on cell membranes and to
reverse the increase in permeability of liposomes to K+ and Rb+
42brought on by anesthetic agents.
Macromolecular synthesis has also been reported to be affected by
high hydrostatic pressures. Induction, transcription, and translation
of 8-galactosidase activity in E coli are inhibited by hydrostatic pres-
sure with induction being the most sensitive. 50 Protein, ribonucleic
acid (RNA), and deoxyribonucleic acid (DNA) synthesis are also inhibited
in some systems with the application of high hydrostatic pressures. 16
High pressure has also been observed to inhibit multimeric enzymes
probably by interfering with loosely bonded polypeptide chains. Mono-
meric enzymes were stimulated under the same conditions. 71
The last decade has witnessed an enormous amount of interest in a
formerly obscure class of compounds known as the polyamines. It has
been observed that polyamine concentrations are elevated in rapidly
proliferating tlssues, i.e. neoplasias, and in cells that have been
stimulated from a quiescent state to renewed division or differen-
tiation.
Polyamine synthesis peaks during the proliferative stages of fetal
development and tissues in these stages contain high concentrations of
spermldine which decrease upon aging. 41 Increased polyamne synthesis is
also observed during periods of compensatory growth, the classical
instance being their rapid elevation after partial hepatectomy in the
rat. 19 Their synthesis is also substantially increased in the heart when
elevated systemic blood pressure causes cardiac hypertrophy. 49 The
polycationic character of the polyamines allows a close association with
the negatively charged nucleic acids and a growing body of literature
links polyamine synthesis with nucleic acid and protein synthesis. In
spite of this evidence a causal relationship between the polyamines and
the established parameters of cell growth still remains to be established.
The biosynthetic pathway of the polyamines is well established.
The decarboxylation Of ornlthlne yields putrescine which is subsequently
converted to the more metabolically active polyamines spermine and
70sperimide. Of the four enzymes involved in the synthesis of polyamines
ornithine decarboxylase (ODC)has been shown to be the rate limiting step
due to its extremely low basal levels. The enzyme has been purified
from several rat tissues and its molecular properties are well charac-
terized. 93 ODC has two properties which make it unique among
mammalian enzymes. It has an extremely short half-life on the order of
ten minutes in cultured hepatoma cells. 38 The other .characteristic
feature of the enzyme is its rapid and pronounced inducibility. When
a stimulus is introduced, a dramatic increase in enzyme activity is
observed usually as early as four to eight hours. Stimuli which have
demonstrated an ability to induce ODC activity in vitro include serum, 38
95 theophylline,39 45 and mitogenicdibutyryl CAMP, various amino acids,
agents. 46 ODC activity seems to be controlled by the synthesis and or
degradation of enzyme protein. ODC mRNA is synthesized one to two hours
after a stimulus application and actinomycin D introduced at one hour
completely inhibits the ODC peak. 63 In general, most cases of ODC
induction can be ascribed to a generalenhancement of protein synthesis
in the cell, the classic pleiotypic response to a stimulus. An increase
in protein synthesis would manifest itself more dramatically in an enzyme
with a short half-life. In addition to accelerated synthesis, elevated
activity could also be due to a decrease in the rate of degradation. In
rat liver, ODC half-life varied with the method of enzyme induction.
When ODC was induced by growth hormone, the increased activity could be
bolished by 95% when cycloheximide was added. However, when induced by
carbon tetrachloride, the cycloheximide treatment abolished only 15% of
the ODC acitivty. 75 A similar increase in ODC half-life was observed
in cultured rat hepatoma cells after serum stimulation. ODC half-life
which was 5-15 minutes pre-stimulation increased to 30-90 minutes four
hours after serum addition. Supplementation with various amino acids
also resulted in decreased enzyme turnover. 38
Decrease in ODC activity after the transient peak has been attrib-
uted to the noncompetitive inhibition of ODC by a protein inhibitor.
The synthesis, of this inhibitor or "antizyme" is induced by the distal
product of the ODC Catalyzed reaction, putrescine. 35 Spermine and
35spermidine also induce the synthesis of similar protein inhibitors.
Control of ODC activity by an inhibitor would allow for more rapid
inactivation of the enzyme than by simple degradation alone accounting
for its unusually short half life.
Changes in ODC activity during the cell cycle have been described
in Chinese hamster ovary (CHO) cells synchronized by mitotic selection. 33
Two distinct peaks of activity are seen which correspond to late G 1
(six hours) and G2 (twelve hours), respectively with a significant
decrease in S phase. BHK cells synchronized with a thymidine block
demonstrated increased ODC activity in late G 1 and early S, but failed
to show a peak in G2 or M. 36
There appears to be a close correlation between ODC activity and
rate of cell proliferation in both normal and transformed mouse flbro-
blasts with the addition of serum. 54 Serum addition is known to
produce a general increase in protein synthesis which may explain the
increased ODC activity. 37 In density inhibited 3T3 cells, the addition
of serum induced both ODC and further cell proliferation Growth factors
and hormones in the absence of serum induced ODC activity but gave incon-
sistent results with regard to cell proliferation. There was, however, a
good correlation between increased ODC activity and rRNA synthesis
Several investigations have demonstrated relationships between the
polyamines and nucleic acid synthesis. Stimulation of DNA synthesis in
mouse hair follicles induced a rapid and marked increase in ODC actv-
ity. 76 However, a causal relationship was not explored. Putrescine
synthesis was noted to increase prior to the initiation of DNA synthesis
in WI-38 fibroblasts32 and putrescine was found to stimulate the pro-
liferation of human fibroblasts by a reduction in the time required for
DNA replication. 73 Also, the inhibition of spermine synthesis
reduced the number of rat brain tumor cells found S phase. 34 A
similar reduction in the number of cells going into S phase has been
correlated with a decrease in ODC activity produced by intermittent corn-
97pression in cartilage cells.
An ttempt to demonstrate a causal relationship between ODC and DNA
synthesis in rat liver was unsuccessful. Protein deprivation resulted
in a delay in DNA synthesis while the induction of ODC activity was
unaffected. 60 It has also been observed that agents such as amino
acids and hormones which cause large fluctuations in ODC had no effect
on the mitotic index. 21 When the relationship between ODC and RNA was
explored, the findings were somewhat contradictory. Upon stimulation of
ODC by methylxanthine derivatives, the increase in enzyme activity was
followed in thirty minutes by an increase in RNA polymerase I activity.
The temporal relationship was found to be fixed in a variety of experi-
mental situations. 59 When thyroid ODC was stimulated by TSH, however,
the initial rise in RNA synthesis was found not to be ODC dependent and
that newly synthesized polyamines were unnecessary. 90 Similar conclusions
were drawn from work with concanavalin A (CON A) stimulated lymphocytes
which demonstrated that PNA synthesis occurred before the rise in poly-
amine synthesis. 22 Again, when polyamine synthesis was decreased by
the ODC inhibitor, e-hydrazino-ornithine RNA synthesis continued without
a change. 30 Data using another ODC inhibitor, e-methyl-ornithine, in
rat hepatoma cultures demonstrated a decrease in both 3H-thymidine
incorporation into DNA and cell proliferation. 58 This finding was
supported by in vivo evidence that inhibition of ODC in both fetal rat
and rabbit by -DiFO resulted in arrested embryonic development. 24
In light of the preceeding evidence it seems probable that basal
levels of polyamines are essential for normal nucleic acid metabolism
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and for cell proliferation. There is no conclusive evidence, however,
to show that the dramatic peak in ODC activity seen upon stimulation is
critical to nucleic acid synthesis. It seems reasonable to view the
increase in ODC activity as part of a pleiotipic cellular response to
a trophic stimulus rather than as a sine 9ue non for nucleic acid
synthesis.
Recently, several investigators have attempted to elucidate the
mechanism responsible for the rise in ODC activity seen in association
with growth stimuli. luch of this activity has centered around the
cyclic nucleotides which have demonstrated an ability to initiate other
cellular events. In baby hamster kidney (BHK)o cells synchronized with
a thymidine block, rises in CAMP concentration showed close temporal
association with increased ODC activity, the CAMP rise preceeding ODC. 36
Other studies have shown increases of both CAMP and ODC in cold stimu-
lated rat adrenals, an ODC increase upon addition of aminophylline9
and increased ODC activity in the presence of db C/P. 2 In CHO cells,
CAMP was necessary for optimal ODC stimulation 16 and when ODC was stim-
ulated by PGEI, 2 in porcine granulosa cells, the effect was poten-
tiated by IBIIX indicating that the induction was CA/IP mediated. 68
This association does not appear to be operative in all systems.
When 8-adrenegic blockers are used in regenerating rat liver, CAMP
increases are blocked but ODC is unaffected. -Adrenergic blockers on
the other hand, prevent the ODC induction but do not alter CA/P levels. 96
This study seems to clearly disassociate the two phenomena in regener-
ating rat liver. CA/[P is also apparently not involved in the stimula-
tion of liver ODC by growth hormone. 84 The tumor promoter TPA which
increases ODC activity in mouse epidermis does not appear to cause
II
increases in CAMP or CGMP which would be expected if cyclic nucleotides
were responsible for ODC induction. 64
When intermittent compressive forces were applied to cartilage
cells, an inverse relationship of CAP to ODC was shown. 97 Similar
results were obtained in mouse lymphoma cells. It was found that db
CAMP produced a decrease in ODC activity and that the decrease was
mediated by a CP dependent protein knase. 40
These seemingly conflicting results regarding CAP and ODC may be
more easily understood in light of an investigation reported on mouse
L-cells. When confluent density inhibited cell cultures were treated
with CA, ODC increased; however, when CAMP was added to actively
growing cultures, there was a decrease in ODC as well as an inhibition
of cell proliferation. I00 This experiment underlines the importance
of the growth phase of the cells in the manner in which they react to
stimuli and offers a possible explanation for the conflicting data
derived from different systems.
Recent experiments by several groups of investigators have
attempted to clarify the role of membrane perturbations n the induc-
tion of ODC activity Agents such as vlnblastine and colchlcSne which
are known to disrupt the microtubules and microfilaments of the cyto-
skeleton have been observed to inhibit the serum dependent ODC actvlty
in mouse leukemia cells. II This finding would seem to indicate that
these structures are involved with the transmission of the ODC induction
signal from the membrane surface to the intracellular site of action.
Evidence s also accumulating which links membrane changes and related
ntracellular ion concentrations with levels of serum dependent ODC
activity. Thyroid cells placed in a hypotonic medium show dramatic
12
increases in ODC activity which are linearly related to the medium
dilutions. 25 These data do not rule out changes in intracellular ion
concentrations specifically K+ (dilution of medium to 0.5 isotonic
results in specific loss of K+ from cell of up to 50%) as the trig-
gering mechanism of the hypotonic activation of ODC.
In terms of membrane perturbations, it is interesting to note that
after initial exposure to hypoosmotic conditions an observable stretching
of the cell membrane occurs in mouse leukemia cells. 83 Results similar
to those obtained with the thyroid system were observed using HeLa
cells. A sudden increase in NaCI produced a specific interruption in
ODC activity and a lowering of NaCI concentration demonstrated the
reverse. 66 In an E coli system an inverse relationship was found
between putrescine, the product of the ODC catalyzed reaction, and K+
concentrationo 65
That tion concentrations are linked to serum :[.nduced ODC act.v:[ty
has been well descrlbed in both neuroblastoma and LI210 cells. When 15
n KCL, CI2 or NaCI was added to LI210 cells along with serum, the
rise in ODC activity was completely inhibited without noticeable effects
on subsequent cell growth as measured by thymidine and leucine incor-
poration. A reversal of the experiment demonstrated that when the cells
are grown in a medium with a high cationic concentration and serum of
normal ion concentration is added there is a doubling of ODC activity
with respect to the controls. The osmotic changes produced by the added
cations were insignificant and it was concluded that the changes were
cation specific effects. It was also noted that the different cell types
showed greater sensitivity to one or the other of the cations indicating
I0both cell and cation specificity.
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A final study implicating cations in the mediation of serum
dependent ODC activity was performed on an endothelial cell system.
Using La++ to block Ca++ channels in the cell membrane, both serum
induced and basal levels of ODC were lnhlbited. 17 It is of interest
to note that while K+, %B and Na+ appear to inhibit ODC, Ca++ is
required for its activation.
The association between lntracellular cation concentrations and
polyamine synthesis s not surprising in view of the polycatonic char-
acter of the polyamines. In many of the cellular functions in which
polyamines have been mplicated, identical roles have been ascribed to
cations, specifically K+ and Mg++. 14 It is conceivable, then, that the
main contribution of the polyamines to growth processes may relate to
their cationic properties, a contribution which can be fulfilled by the
addition of simple cations to the cytosol.
The cell membrane is recognized as playing a central role in the
transduction of external stlmull into cellular events. Distinct mor-
phologic28, 87 as well as chemical changes27, 92 have been reported
n the membrane during passage through the cell cycle. In addition,
changes in membrane potential have been demonstrated between various
growth phases in both 3T3 and CHO-cells with the more negative poten-
tlals occurring during qulescience. 15 [aintenance of this trans-
membrane potential is a critical element of membrane function. It
enables the cell to respond to enormously varied environmental stimuli
through a relatively simple mechanism. The membrane is able to transmit
information very rapidly without the synthesis of any new molecules
simply by altering its permeability to certain ions. There is a large
body of evidence which suggests that stimuli which are acknowledged to
14
cause proliferative changes in cells are transmitted or transduced by
alterations in membrane permeability to various substances including
certain cations. When fresh serum is added to quiescent 3T3 fibro-
blasts, there is an immediate increase in the uptake of22Na+ discern-
able after one minute(R) 89 In addition, the stimulation of DNA syn-
thesis by serum was strictly dependent on the Na+ concentration n the
medium. The addition of amilorlde, a drug which blocks the Na+ channels
in the membrane, reversibly blocks proliferation in the rat hepatocyte
stimulated by insulin, glucagon or epidermal growth factor (EGF). 48
There also appears to be a simultaneous increase in K+ transport. When
lymphocytes were stimulated with the mitogenic agent phytohemagglutinin
(PHA) there was a doubling in the influx of 42K within thirty seconds. 88
Also, the addition of serum factors to embryonic rat fibroblasts caused a
sharp decrease in membrane potential which the authors attributed to
altered K+ permeability.
Maintenance of the polarized state in the cell is primarily a
function of a membrane associated Na+, K+ activated ATP ase. Altera-
tion in enzyme activity can dramatically affect the cell response to
environmental stimuli. Up to three-fold activation of the Na+, K+
ATP ase was observed shortly after the addition of serum to 3T3 fibro-
blasts. 82 $hen ouabain, a specific inhibitor of the ATP ase, is
introduced into lymphocyte cell culture it inhibits blast transformation,
the characteristic lymphocyte response to a proliferative stimulus.
Reversible inhibition of the pump again by ouabain has been reported to
51block both protein sand DNA synthesis in fibroblasts.
Other investigators have observed differences in Na+, K+ ATP
ase activity both between cell types and within a cell type at different
15
K+ ATP ase activity of transformed 3T3times in culture The Na+,
fibroblasts has been reported to be 4-5 times higher than in normal mouse
fibroblasts 44 In another cell population those cells which became
density inhibited upon reaching confluence show a marked decrease in
Na+, K+ ATP ase activity. Cells which did not exhibit density depen-
dent inhibition showed no change in ATP ase activity. 53 These findings
suggest a possible role for Na+, K+ ATP ase in growth control.
A number of theories have emerged in an attempt to explain the
controlling mechanism. One hypothesis suggested that CAMP concentrations
are the determining factor in growth control and that the Na+, K+ ATP
ase regulates CAP indirectly by controlling the ATP pool. Although this
hypothesis seems unlikely, in view of the much lower Km of adenylate
cyclase for ATP, a possible relationship between the two enzymes at the
regulatory level could exist and is suggested by several observations
When the cell receives a proliferative stimulus, there is a well docu-
mented increase in Na+, K+ ATP ase activity. On the other hand, low
levels of CP are often associated with cell proliferation. 3 In some
mouse plasmacytoma strains addition of ouabain, an Na+, K+ ATP ase
inhibitor, has been reported to increase CAMP levelso 52 When vanadate,
another Na+, K+ ATP ase inhibitor, is introduced into rat adipocytes,
there is a dist.nct stimulation of adenylate cyclase activity. 86 A
similar adenylate cyclase response is seen in the cells of the pancreas
when the Na+, K+ ATP ase is inhibited by ouabain. 26 Another possible
link between, the two enzymes was reported in human renal tissue. There
appears to be a CAMP dependent protein kinase which inactivates renal
Na+, K+ ATP ase and also a cytoplasmic fractor which prevents the
lnteractlon. 6 While the data are merely suggestive, this hypothesis
remains an attractive possibility.
16
As noted previously, dramatic fluxes in K+ occur at the plasma
membrane in response to proliferative stimuli. If changes in Na+, K+ ATP
ase activity could alter cytoplasmic K+ concentration, a variety of cell
processes which are dependent on potassium could be affected. By altering
cytoplasmic K+ concentrations of human fibroblasts with ouabain, it was
noted that growth and protein synthesis continued unabated until cyto-
plasmic K+ concentration [K+]c fell below 60-80% of normal. Below
these concentrations, protein and DNA snythesis declined in proportion
to the potassium concentration. 51 This indicates that below a certain
threshold [K+]c becomes limiting for cell growth. These findings were
substantiated in another study which demonstrated a limitation of cell
growth when K/ concentrations in the medium were significantly reduced. 20
The two hour lag time between the addition of ouabain and the inhibition
of DNA synthesis was hypothesized to allow reduction of [+]c below
threshold values. 78 In PHA stimulation of lymphocytes reported earlier
the K+ influx was balanced by K+ efflux resulting in relatively con-
stant [K+]c. Interestingly, it was noted that the Km of K+ transport
had not changed during stimulation and that the increased transport was
not altered by cycloheximide or actinomycin Do This finding suggests
that the mitogen increased the K+ flux by uncovering Na+, K+ ATP ase
sites on the membrane. 77 While a frequently observed phenomenon, the
role of the K+ flux in growth control still remains speculative.
Most of the data relating Na+, K/ ATP ase activity to cellular
response has been reported in the context of cell proliferation. A
recent study has shown that differentiation can be induced in Friend
erythro-leukemic cells both by growth in high K+ low Na+ medium and
17
by the addition of ouabain. 56 This evidence indicating that
decreased Na+, K+ pump activity induces differentiation fits well
with evidence from other previously described systems showing an
increased enzyme activity in response to a proliferative stimulus.
In the context of this background information the following
objectives were formulated; (i) to evaluate the effect of ntermittent
compressive forces (IC) on cells of skeletal tissue origin through
alterations in ornlthine decarboxylase activity; (ii) to characterize,
at the level of the plasm membrane, the mechanism through which the
mechanical signals are transduced. Radioisotopes, as well as inhibitors
of the Na+, K+ ATP ase will be utilized to describe the Ionic changes
occurring across the membrane as a result of the mechanical compression.
MATERIALS AND METHODS
Materials
Timed pregnant rats were obtained from Charles River Labs, Wilmington,
Massachusetts. ROS 2/3 cells were obtained courtesy of Dr. R.J. Majeska,
Department of Oral Biology, University of Connecticut School of Dental
Medicine, Farmington, Connecticut. Bacterial collagenase, hyaluronidase,
trypsin and ouabain were purchased from Sigma, St. Louis, Missouri.
Cell culture medium F-12 (H)without sodium bicarbonate or anti-
biotics the fetal calf serum (FCS)and antimycine-antibacterial solution
were obtained from Gibco, Grand Island, New York. The 14C ornithine,
86Rb+ and Econofluor were purchased from New England Nuclear, Boston,
Massachusetts. The cell counter, Model ZBI, was manufactured by Coulter
Electronics, Hialeah, Florida.
Methods
Bone Cell Isolation
A population of bone cells was isolated from 19-20 day fetal rat
calvaria using a sequential digestion method. 99 This technique yields
an osteoblast enriched cell population.55, 69 The cells were counted
in a Coulter counter and plated at a density of 2.5 x 104 cells/cm2
on 60 mm dishes. The culture medium was F-12 containing 2 mM NaHC03,
10% FCS and 1% Antibiotic-antimycine. The cells were incubated at 37C
in 5% CO2"
18
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ROS 2/3 Cell Culture
The rat osteosarcoma cell clone R0S 2/3 has been shown to possess
a number of characteristics commonly associated with osteoblasts. The
membranes contain PTH sensitive adenylate cyclase and the cells show
elevated levels of alkaline phosphatase. Synthesis of y-carboxy-
glutamic acid containing bone protein as well as the production of miner-
alized tumors in host rats are characteristics of this cell line. 92
Use of this cell in the current study has obvious advantages over the
more heterogeneous osteoblast population isolated from rat calvaria. ROS
2/3 cells were plated at approximately 2.5 x 104 cells/cm2 using the
same medium and growth conditions as described for the bone cells. To
generate the data for the growth curve and the corresponding ODC activ-
ities, cells were plated at 2.5 x 104 cells/cm2 on 60 mm plates. At
various times in culture, the medium was aspirated and cells removed from
the plates with trypsin. The cells were washed with F-12 resuspended and
an aliquot counted in the Coulter counter. The remaining cells were
assayed for ODC activity.
When the cell response to IC was to be evaluated the cells were
plated at 3 x 104 cells/cm2 on I00 mm plastic culture dishes under the
same conditions as above. The cells were grown until they appeared
nearly confluent, approximately 3-4 days. Culture medium was changed
after 48 hours and, unless otherwise noted, again 15 hours before the
experiment was begun. At the time of the experiment the medium was
aspirated and 0.5 ml of 0.01% trypsin was added to the plate at 25C for
five minutes and then aspirated. An additional 0.5 ml of trypsin was
added and the plates incubated at 37C until the cells detached
20
(usually 20 minutes). To remove the trypsin, the cells were washed with
F-12 and resuspended in F-12 and 10% FCS. An aliquot of cell suspension
was counted in the Coulter counter and the cells were distributed into
glass
.tubes (12 x 75 ram) at 3 x 105 cells per tube in 0.5 ml F-12 + 10%
FCS. Rubber stoppers were placed in the tubes and tubes placed on a
shaker at 37C and immediately attached to the intermittent compression
apparatus.
In the study of cell attachment, the tubes were disconnected from
the apparatus at selected time points, the medium removed and the tubes
gently washed with PBS. The medium and wash solution were then counted in
the Coulter counter to determine the number of unattached cells.
Cells which were to be assayed for ODC were connected to the
apparatus for eight hours prior to measuring the enzyme activity.
Intermittent Compression
The intermittent compression (IC)was applied to the cell suspen-
sion by compressing the gas above the fluid via a hypodermic needle (16G)
inserted through the rubber stopper. Compression was produced by a
compressed air source in a closed system to prevent gas exchange in the
experimental tubes. No detectable changes in the pH of the medium were
noted. Pulses of pressure were delivered to the tubes at a frequency of
0.5 Hz by an electromagnetic valve driven by an electronic circuit. The
magnitude of the pressure was monitored by a mercury manometer interposed
in the system. This frequency was consistent with physiological compres-
sions found, for example, in walking or mastication. Force magnitudes
in the range of 100-140 mm Hg, which is equivalent to approximately
21
150 g/cm2, were used. These values were above the threshold value
described in a previous study. 97
Ornithine Decarboxylase Determination
Ornithine decarboxylase activity was determined by measurement of
the release of 14C02 from 14C Ornithine. 23 Tubes were removed from
the apparatus and the medium aspirated. Cells were gently washed with
I ml cold PBS. 120 I of hypotonic ODC buffer was added to the tubes and
forcefully repipetted to suspend the cells. I00 i of the suspension was
placed in a separate tube. 0.25 Ci 14C ornithine was added in i0 i
yielding a final concentration of 0.55 and the mixture incubated at
37C for sixty minutes. At this point 0. i ml 10% TCA was added for an
additional thirty minutes. 14C02 was absorbed on a NCS-toluene treated
filter paper disc. suspended in the closed tube. The disc was placed in a
liquid scintillation vial with Econofluor and counted. All assays were
performed on fresh enzyme as freezing appeared to cause a loss of activ-
ity. The remaining 20 I of the cell suspension was assayed for total
protein. 91 ODC activity was expressed in pmoles CO2 released/mg
protein/hour. Composition of the ODC buffer was 50 mM Tris pH 7.1 at
37C, 0.I0 mM pyridoxyl phopshate, 0.I0 mM EDTA, and 5.0 m! DTT.
86Rb+ Uptake
When cells were evaluated for 86Rb+ uptake, they were prepared
as described previously for ODC determination. After allowing for
optimal attachment to the tubes, approximately two hours on the shaker
at 37C, 2 Ci of 86Rb+ were added to each tube in a volume of 20 I
H20. The tubes were then attached to the IC apparatus for varying time
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intervals. Tubes were then placed on ice. The 86Rb+ containing medium
was aspirated immediately and the cells washed with 0.5 ml of cold 100ram
MgCI2. Tubes were then placed in a gamma counter and 86RB+ recorded as
counts per minute (CPM).
86Rb+When ouabain was used either in conjunction with ODC or
uptake, it was added in 50 I of F-12 to give the indicated final
concentrations. It was added approximately ten minutes before the
start of IC treatment or 86Rb+ addition.
RESULTS
Serum Induction of ODC in Calvaria and
Osteosarcoma Osteoblastic Cells
Figure 1 shows a growth curve for bone cells with superimposed
levels of ODC activity at various time points in culture. There is a
brief lag phase followed by a period of exponential growth lasting
approximately 70 hours. The cells reach confluence at approximately 90
hours and demonstrate density dependent inhibition (DDI) at this point.
ODC activity is present at relatively low levels in the bone cells. When
the cells are plated in fresh medium at time O, ODC activity is approxi-
mately 35 pmole CO2/I06 cells. A peak activity for the culture is
reached at approximately. 30 hours with a value of 90 pmole C02/I06
cells. There is a steady decline n ODC after the peak to near baseline
levels of approximately 50 pmoles C02/106 cells. At 60 hours, fresh
medium and serum are introduced. There is an immediate increase in ODC
levels which again peak in 30 hours at approximately 80 p moles CO2/106
cells. At 120 hours ODC activity has declined to baseline levels.
Figure 2 represents a similar experiment with a Ros 2/3 culture. A
brief lag phase of approximately 15 hours is observed followed by a sus-
tained growth phase up to 120 hours. The cells became confluent at 90
hours but did not demonstrate the same DDI seen in the above cells.
Basal ODC levels of the freshly plated cells were less than 50 pmoles
CO2 but activity rose dramatically increasing four-fold during the
first 15 hours. At 60 hours activity had declined by 50%, possibly due
to nutrient depletion, a phenomena observed in the bone cells. With
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the addition of fresh serum, the anticipated increase in ODC levels was
seen. Peak activity of 200 pmoles/106 cells was observed at 90 hours.
The slightly higher peak seen during the second induction may be due to
better cell synchrony produced by nutrient depletion during the first 60
hours.
sti.mu..la.t.ion of ODC Induct.i0n...By Intermittent
Compression in ROS 2/3Cells
The effect of intermittent compression on ODC activity is seen
in Figure 3. ROS 2/3 cells were exposed to fresh serum 15 hours before
the start of the experiment. Under these conditions, ODC activity was
increased by 60% over control values when the cells were subjected to
intermittent compression. In the presence of 30 i cycloheximide, ODC
activity in the control group was reduced by 50% and the stimulatory
effect of the IC was abolished. This finding suggests that de novo
enzyme synthesis occured during the experimental period and that
inhibition of this synthesis prevented, stimulation of ODC induction
by IC.
Cell Attachment
Surface attachment of cells is known to have a substantial effect
on growth related phenomena. Any alteration in cell attachment produced
by the intermittent compression could have a bearing on the mechanism of
the IC effect. Figure 4 represents a comparison of the attachment rates
of ROS 2/3 cells under both control and experimental conditions. There
are no discernable differences either in the rate of attachment or in
the number of cells which eventually adhere to the glass tubes. The
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half-life of attachment was approximately 20 minutes, yielding nearly
complete attachment after 2 hours.
Intermittent Compression Enhances
Rb Uptake in ROS 2/3 Cell s
The uptake of 86Rb+ by the ROS 2/3 cells and the alterations
produced by IC can be seen in Figure 5. Radioisotope uptake in the con-
trol cells is hyperbolic approaching equilibrium at approximately 30
minutes. When the cells were subjected to intermittent compression a
departure from the control values is seen. As early as 5 minutes the IC
IC has stimulated 86Rb+ uptake approximately 25%. At 15 minutes,
86pB+ uptake has increased to 50% over control values. Experimental
values remained elevated at approximately the same level up to termina-
tion of the experiment at 30 minutes. Since 86Rb+ influx is linked to
the Na+, K+ ATP ase, this data seems to be consistent with an increase
of Na+, K+ ATP ase activity in the treated cells.
lnen the Na+, K+ ATP ase inhibitor ouabain was introduced into
the system at concentrations between I x I0-I0 I and i x 10-4 M, a dose
dependent reduction in 86Rb+ uptake was observed in the control cells
after 15 minutes (see Figure 6). Ouabain at 10-4 M reduced 86Rb uptake
by 90%, indicating that a large component of 86Rb+ uptake in ROS
2/3 was through the Na+, K+ ATP ase and that the enzyme is sensitive to
ouabain inhibition under the experimental conditions. Stimulation of the
86Rb uptake by IC in the presence of ouabain demonstrated the same dose
dependent inhibition seen in the control cells. The apparent Ki was
similar to the control value, and i0-4 M ouabain produced 75% inhibi-
tion of 86Rb uptake. These results suggest that IC has not
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significantly modified the affinity of the K+ site on the ATP ase for
ouabain and thus that the IC was not increasing 86Rb uptake through
a direct effect on the ATP ase molecule.
In a final experiment an effort was made to demonstrate that the
increased Na+, K+ ATP ase activity was linked to the elevated ODC
activity. Ouabain concentrations which inhibited 86Rb+ uptake in
previous experiments ware evaluated for their effect on ODC activity.
Figure 7 shows that ouabain at even i BM concentrations was able to
significantly reduce ODC activity in the control situation. Ouabain
also reduced ODC levels in the IC treated cells but as in the 86Rb+
uptake study, it did not abolish the IC effect.
DISCUSSION
The following hypothesis is proposed to serve as a framework within
which the data will be evaluated, i) Intermittent compression enhances
the response of ROS 2/3 cells to a trophic stimulus, ii) The intermit-
tent compression signal trans duct ion is associated with a redistribution
of monovalent cations across the membrane, iii) The redistribution of
ions causes an increase in Na+, K+ ATP ase activity.
Data from this study and related work lend support to this hypothesis.
The response of bone cell ornithine decarboxylase to a trophic stimulus
is described in Figure i. This characteristic induction of ODC in a cul-
ture system by the addition of serum has been documented in other con-
97,94 and fibroblasts 54nective tissue cell types, such as cartilage,
A similar induction pattern for the enzyme is seen in the osteoblast-like
osteosarcoma cell line ROS 2/3 (Figure 2). Serum induction of ODC has
been reported in several transformed cell linesl00,13,11, 12 and
polyamine accumulation in relation to the cell cycle seems to follow a
similar pattern in both normal and tumor cells. 31 The increased ODC
activity in the presence of I0 mM asparagine observed in mouse neuro-
blastoma12 and CHO cells 16 was also noted in the ROS 2/3 cells during
this study (unpublished observation).
The 50 percent reduction in ODC activity by 30 M cycloheximide
indicates that protein synthesis is a requirement for the increased ODC
activity following serum stimulation. An interesting observation in
Figure 3 is that in spite of the characteristically short half life of
the enzyme, .50 percent of the enzyme activity remained after an eight.
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hour treatment with cycloheximide. Two factors may account for this
finding: either the concentration of cycloheximide was not fully inhib-
iting or the degradation was slower than assumed. The 30 M concentra-
tions of the inhibitor used in this experiment is less than the 50 M
concentrations which produced nearly complete inhibition of ODC activity
in PBS cultured chondrocytes. 94 These levels are both substantially
lower than the 90 M concentrations that produced 60 percent inhibition
in Earle salts, FCS cultured CHO cells16 or the 180 M levels used
to inhibit mouse neuroblastoma ODC12. Concentrations of the inhibitor
which were less than saturating could result in a low level of enzyme
synthesis and yield the observed result.
The second possibility is that ODC has an increased half life under
the present experimental conditions. The method of induction of ODC has
been reported to influence the enzyme’s half life75 and recently the
composition of the medium was shown to have a similar effect. 12 In a
salts glucose medium with I0 mM asparagine (ASN), an ODC half life of
240 minutes was recorded. This value was reduced to 25 minutes in the
absence of ASN. A 60 minute half life has been recorded in Dulbecco’s
medium. 12 It seems reasonable, then, that the method of induction
combined with the composition of the medium could have resulted in an
increase in ODC half life consistent with only a 50 percent inhibition
after an-eight hour cycloheximide exposure.
Previous work with a similar IC system idicated that alterations
in the ODC levels of skeletal tissue cells were seen at hydrostatic
pressures above 80 mmHg. 97 In the present investigation, compressions
in the 120-140 mmHg range yielded enzyme activities which were elevated
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by 60% over control values (Figure 3). In view of the inhibition
produced by cycloheximide, the enhanced activity was likely the result
of de novo enzyme synthesis.
The enhancement of serum induced ODC activity seen with IC is
observed with other trophic stimulants. Parathyroid hormone (PTH)
produced an additive effect on ODC when introduced with serum into
chondrocyte cultures. 94 In CHO cells, ODC was induced by serum and the
level of activity was significantly enhanced when db CIP was introduced
into the system, 16 again demonstrating the synergism of proliferative
stimuli with respect to ODC.
This effect of the IC was only .seen in ROS 2/3 cells which were in
an active growth phase, having been serum stimulated 15 hours prior to
the experiment. Cells which had not been exposed to fresh serum for
forty-eight hours and were in a less active phase failed to demonstrate
79an enhancement of serum induced ODC activity by IC after eight hours.
Supporting evidence for this phenomenon comes from a recent study showing
differences in cell response based on their growth phase or time in
culture. When CAJP was introduced to mouse L-cells in confluent culture,
an elevation of ODC activity was observed. However, prior to confluence,
the addition of CAMP actually decreased ODC activity. I00 Changes in
membrane morphology at different times into the cell cycle have been
reported28 and may modify the effect of the IC. Finally, when con-
tinuous pressure is applied to cartilage cells in culture, accumulation
of CAMP varies with the degree of maturation of the cell. Cells from the
proliferative zone .respond with diminished CAiP levels, while cells from
the intermediate and hypertrophic zones show slight increases. Membrane
changes occuring during maturation were shown to be responsible for the
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different responses. 5 The cell type, degree of maturation and history
in culture are critical parameters that must be evaluated when studying
cellular response to growth promoting stimuli.
These factors may explain the different responses to IC observed in
cartilage cells in a previous experiment 97 and in the ROS 2/3 cells used
in thls study. Differences in membrane composition are likely between
the two cell types. A second important difference is that n the present
experiment the cells were treated with trypsin prior to commencing the IC
treatment. In the cartilage experiment, there was no trypsin exposure.
Trypsin is a well known mitogen and has been shown to stimulate uptake of
putrescine from the medium. 73 The final, and perhaps critical, differ-
ence between the two experiments is the fact that the cartilage cells
were serum-deprived prior to the experiment while the ROS 2/3 cells had
been stimulated by serum 15 hours before the experiment. As reported
earlier, when the ROS 2/3 cells were serum-deprived their response was
similar to that reported for the cartilage cells.
Data from several systems has indicated a role for cations both
in the transduction of mechanical and electrical stimuli5,97, 81 and
in the induction of ODC. 10,17, 66 In the present study, IC stimulates
the uptake of 86Rb, a potassium congener, into the ROS 2/3 cells by
50 percent after only fifteen minutes exposure (Figure 5). 86Rb uptake
is a measure of Na+, K+ ATP ase activity thus implying that IC is
stimulating enzyme activity. This relationship between 86Rb uptake
and ATP ase activity is supported in Figure 6 by data which show that
86Rb uptake into the ROS 2/3 cells declines in a dose-dependent manner
when the Na+, K+ ATP ase is inhibited by ouabain. Similar inhibition
of 86RB uptake by ouabain is seen in serum stimulated 3T3 cells. 89
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A number of studies have shown a close correlation between growth
related events in the cell and Na+, K+ ATP ase activity. A recent
review of the subject proposes the view that the function of the ATP ase
is parallel and essential to cell proliferation. 43 When 86Rb uptake
is used as a measure of enzyme activity, it has been shown to be a good
indicator of protein synthesis. 47 In fibroblast cultures there is a
significant decline in 86Rb uptake when the cells become density inhib-
ited. 8 Transformed fibroblasts on the other hand which have a high
rateof proliferation and do not become density inhibited demonstrate
an increased ATP ase activity relative to normal fibroblasts. 1 The
inhibition of ODC activity by ouabain seen in Figure 7 is consistent with
these reports. Ouabain in other systems has been shown to inhibit both
protein and DNA synthesis51 and block growth initiation. 48 There appears
to be considerable support in the literature for the contention that the
enhanced trophic response seen in ROS 2/3 cells treated with IC is linked
K+ ATP ase activityto an increased Na+,
Changes in CAMP may be linked to this phenomenon but the mechanism
is, at present, unclear. Some limited experiments in the ROS 2/3 cell
hint at a possible connection. IC produced a decrease in CAIP accumula-
tion after 15 minutes in the ROS 2/3 cell under the same conditions which
produced increased Na+, K+ ATP ase activity and enhanced induction of
ODC (unpublished data). In cartilage cells, an inverse relationship was
97also seen between CAMP and both ODC activity and DNA synthesis.
The mecNanism of Na+, K+ ATP ase activation, while not primary
focus of this study, can be hypothesized. From Figure 6, it can be seen
that the inhibition constant for ouabain is essentially similar in both
32
the control and IC groups. This seems to indicate that the K+ site on
the ATP ase retains the same affinity for ouabain in the presence of IC.
If IC activation of the enzyme caused an allosteric modification, binding
affinity for ouabain would likely change. Supporting this view, the
activation of Na+, K+ ATP ase in lymphocyte membrane vesicles by PHA
has been shown not to be a result of direct activation of the enzyme by
the mitogen. 85 However, in serum-stimulated ATP ase activity in 3T3
89cells, the authors do not completely rule out allosteric changes.
If direct activation through a conformational change can be ruled
out, the likely alternative is that the enzyme is being activated indi-
rectly via an influx of Na+. Evidence from a variety of systems sup-
ports the hypothesis that the Na+, K+ ATP ase is being driven by an
increase in intracellular Na+ concentration. When frog skin, which
is known to possess a high level of Na+, K+ ATP ase activity, is
subjected to a compressive force of I00 kg/cm2 in Ringer’s solution,
there is an instantaneous depolarization of the membrane followed by
rapid reversal. When Na+ is replaced in the medium, the depolarization
is reduced. Ouabain also reduces the depolarization by increasing
Na+ concentration on the inside of the frog skin and reducing the Na+
gradient. In this system, the pressure appears to act by driving Na+
down its concentration gradient and indirectly activating the Na+
K+ ATP ase. 7 The pressure used in that system is orders of magnitude
greater than the light compressive forces used in the present study,
making a direct analogy impossible. However, the activation of the
Na+, K+ ATP ase indirectly by increased internal Na+ is seen in other
systems.
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A recent study confirms this mechanism of ATP ase activation in
3T3 fibroblasts. When serum is introduced into serum-deprived cell
cultures, there is an immediate activation of the membrane Na+, K+
ATP ase as evidenced by a dramatic increase in 86Rb+ uptake. When
Na+ was removed from the medium the ATP ase was no longer activated by
serum suggesting the enzyme’s requirement for an influx of Na.+
Monensin and gramicin, both Na+ ionophores, stimulated ATP ase activ-
ity in a manner similar to serum, again indicating that an increase in
intracellular Na+ is the driving force for the enzyme. The link
between ATP ase activity and cell proliferation was reaffirmed in
this study when low external Na+ concentrations were demonstrated to
inhibit DNA synthesis. 89 Additional support for this link comes from
a study on rat hepatocyte proliferation. The proliferative response
to peptide hormones was dramatically inhibited by the addition of
amiloride, a drug which blocks Na+ influx. 48 Inhibition of the
Na+ flux in electrically-stimulated cartilage cells by tetrodotoxin
also resulted in an inhibition of the proliferative response.81
There appears, then, to be some evidence for the hypothesis that
mechanical stimulation in the form of intermittent compression can
enhance the growth response of ROS 2/3 cells and that the mechanism
involves activation of the Na+, K+ ATP ase, probably through an
increase in intracellular Na+.
The experimental system reported here is potentially quite valuable
in examining, some very substantive questions with relevance to both cell
biology and clinical sciences. The question of force magnitude in
relation to cell response has significant clinical implications. This
system is well suited to determining the range of magnitudes through
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which cells react and the precise force which is optimal for a selected
response,
The observation that intermittent compression fails to elicit the
same response in non-skeletal cells97 hints at membrane differences
in these cells. Variation in hormone receptor populations are known to
exist and experiments similar to those performed in this study may point
to other structural or compositional differences among connective tissue
cell types. The clinical implications of these differences are substan-
tial when mechanical forces are applied to anatomical areas containing a
variety of cell types and a uniform tissue response is expected.
SUtARY AND CONCLUSIONS
This study was undertaken in an effort to better understand the
effect of mechanical forces on skeletal tissue at a cellular and bio-
chemical level. The specific objective was to evaluate the effect of an
intermittent mechanical compression on the growth response of skeletal
tissue cells i__sn vitro. The mechanism of the signal transduction at the
level of the plasma membrane was also investigated
Osteoblast-like rat osteosarcoma (ROS 2/3) cells in culture were
subjected to an intermittent compressive force (IC)of approximately
150 g/cm2 at a frequency of 0.5 Hz. The effect this perturbation on
activity of the enzyme ornithine decarboxylase (an indicator of cell
growth) was determined. In actively growing ROS 2/3 cells the intermit-
tent compression stimulated de novo enzyme synthesis by up to 60%. In
quiescent cells, the mechanical force was not stimulatory. The mechan-
ism of the effect appears to involve a transmembrane redistribution of
monovalent cations and associated activation of membrane Na+, .K+ ATP ase.
The mechanical compression significantly enhanced uptake of 86Rb+ (a
measure of ATP ase activity) after fifteen minutes. Ouabain inhibited
Na+, K+ ATP ase activity in the ROS 2/3 membrane in a dose-dependent
manner but was unable to abolish the stimulatory effect of the IC even at
0. I m. concentrations. The Ki of ouabain was essentially unchanged by
the IC treatment suggesting an indirect activation of the Na+, K+
ATP ase by an increased Na+ influx.
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This data has contributed to an understanding of the response of
skeletal tissue to machanical forces at a cellular level and has shed
new light on the mechanisms through which these forces are perceived.
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FIGURE 1
Growth curve of bone cells and time course of ODC activity in
culture.
F-12 medium With 10% FCS introduced at 0 hours and changed at 60
hours (Two culture plates were used for each time point. Points on
the graph respresent mean of duplicate samples from each plate.)
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FIGURE 2
Growth curve of ROS 2/3 cells and time course of ODC activity in
culture.
F-12 medium with 10% FCS introduced at 0 hours and changed at 60
hours. (Two culture plates were used for each time point. Points on
the graph respresent mean of duplicate samples from each plate.)
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FIGURE 3
Effect of intermittent compression and cycloheximide on ornithine
decarboxylase activity in ROS 2/3 cells.
ROS 2/3 cells were cultured as described in Methods. Fresh medium
and 10% FCS was introduced 15 hours prior to experiment. Thirty
cycloheximide was added at To Cells were subjected to IC for eight
hours before ODC was assayed. (The data represent means of four samples
in each of 6 different experiments (4 x 6), *p<0.05 relative to
respective controls. )
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FIGURE 4
Attachment characteristics of ROS 2/3 cells subjected to
intermittent compression.
Cells were aliquoted into glass tubes as described in Methods and
were subjected to IC at To
(Two tubes were used for each point. Points represent means of
triplicate counts on each tube,)
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FIGURE 5
The effect of intermittent compression on 86Rb+ uptake in ROS
2/3 cellso
2 BCi 86Rb was added to each tube and IC begun at To 86Rb+
uptake in the cells was determined as described in Methods.
(Five and thirty minute time points represent means of duplicate
samples from two separate experiments. Fifteen minute point is mean
of duplicate samples from five experiments).
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FIGURE 6
The effect of intermittent compression and ouabain on 86Rb+ uptake
in ROS 2/3 cells.
Ouabain was added ten minutes prior to 86Rb+ exposure.
86Rb+ uptake was determined at 15 minutes.
(Points represent means of duplicate samples from two separate
experiments. )
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F IGURE 7
The effect of intermittent compression and ouabain on ODC activity
in ROS 2/3 cells.
Ouabain was added ten minutes prior to introduction of IC. Cells
were subjected to IC for eight hours,
(ODC activity determined from triplicate samples in two separate
experiments.
** p<.05 with respect to IC without ouabain
* p<.05 with respect to control without ouabain
***p<.05 With respect to control without ouabain
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